NASA Technical Paper 3531 




Multiaxis Thrust- Vectoring Characteristics of a 
Model Representative of the F-18 High- Alpha 
Research Vehicle at Angles of Attack From 0° 
to 70° 


Scott C. Asburu and Francis /. Capone 



NASA Technical Paper 3531 



Multiaxis Thrust- Vectoring Characteristics of a 
Model Representative of the F-18 High- Alpha 
Research Vehicle at Angles of Attack From 0° 


to 70° 


Scott C. Asbury and Francis J. Capone 
Langley Research Center • Hampton, Virginia 


National Aeronautics and Space Administration 
Langley Research Center • Hampton, Virginia 23681-0001 


December 1995 


Available electronically at the following URL address: http://techreports.larc.nasa.gov/ltrs/ltrs.html 


Printed copies available from the following: 


NASA Center for AeroSpace Information 
800 Elkridge Landing Road 
Linthicum Heights, MD 21090-2934 
(301)621-0390 


National Technical Information Service (NTIS) 
5285 Port Royal Road 
Springfield, VA 22161-2171 
(703) 487-4650 



Summary 

An investigation was conducted in the Langley 
16-Foot Transonic Tunnel to determine the multiaxis 
thrust-vectoring characteristics of the F-18 High- Alpha 
Research Vehicle (HARV). The HARV is a highly 
instrumented, full-scale flight research aircraft that has 
been modified by adding a multiaxis thrust- vectoring 
control system. The system utilizes externally mounted, 
individually actuated thrust-vectoring vanes to redirect 
the exhaust plume from each of the HARV’s two turbo- 
fan engines. Controlled deflection of the exhaust plume 
provides the HARV with enhanced maneuverability and 
control in areas where conventional aerodynamic con- 
trols are ineffective, namely at low speeds and high 
angles of attack. 

A wingtip supported, partially metric, 0. 1 0-scale jet- 
effects model of an F-18 prototype aircraft was modified 
with hardware to simulate the thrust-vectoring control 
system of the HARV. Afterbody aerodynamic and thrust- 
vectoring forces and moments were measured with an 
internal six-component strain-gauge balance. Testing 
was conducted at free-stream Mach numbers ranging 
from 0.30 to 0.70, at angles of attack from 0° to 70°, and 
at nozzle pressure ratios from 1.0 to approximately 5.0. 
An extensive matrix of vane deflection angles was tested 
for two nozzle configurations: an afterburning power 
nozzle and a military power nozzle. Results indicate that 
the thrust-vectoring control system of the HARV can 
successfully generate multiaxis thrust-vectoring forces 
and moments. During vectoring, resultant thrust vector 
angles were always less than the corresponding geomet- 
ric vane deflection angle and were accompanied by large 
thrust losses. Significant external flow effects that were 
dependent on Mach number and angle of attack were 
noted during vectoring operation. Comparisons of the 
aerodynamic and propulsive control capabilities of the 
HARV configuration indicate that substantial gains in 
controllability are provided by the multiaxis thrust- 
vectoring control system. 

Introduction 

Mission requirements for the next generation multi- 
role fighter may necessitate aircraft capable of operating 
over a broader range of flight conditions than previously 
thought possible. To survive air combat engagements, 
aircraft will require improved handling qualities at high 
angles of attack (high alpha) including brief excursions 
into the poststall region. Several investigations have 
shown that the ability to perform transient maneuvers at 
low speeds and high angles of attack is a significant 
advantage in air combat (refs. 1 to 3). However, high- 
alpha maneuverability can be limited because of 
degraded stability characteristics and inadequate aerody- 


namic control power. Techniques for producing control 
forces and moments by redirecting engine exhaust flow, 
known as thrust vectoring, have been extensively investi- 
gated (refs. 4 to 8). The primary benefits of thrust vector- 
ing are that it is independent of airspeed and angle of 
attack, within the limits of inlet capability, and can pro- 
vide the control effectiveness necessary for high-alpha 
flight. Other applications and benefits of thrust vectoring 
can be found in references 9 to 11. 

The lack of validated design criteria for establishing 
high-alpha maneuvering requirements has limited the 
exploitation of thrust- vectoring technology. High-alpha 
poststall flight research has not received the same in- 
depth attention as the conventional prestall tactical flight 
regime for the fighter aircraft mission (ref. 12). In order 
to accelerate the maturation of developing technologies, 
such as thrust vectoring, the National Aeronautics and 
Space Administration is conducting the High-Alpha 
Technology Program (ref. 13) to validate design methods 
for the next generation of highly maneuverable fighter 
aircraft. A carefully integrated effort is underway com- 
bining wind-tunnel testing, computational fluid dynam- 
ics, flight simulation, and full-scale flight experiments. 

Flight experiments in the High-Alpha Technology 
Program are being conducted with a highly instrumented 
aircraft known as the High-Alpha Research Vehicle 
(HARV) (ref. 12). The HARV is an extensively modified 
F-18 fighter/attack aircraft powered by two F404-GE- 
400 afterburning turbofan engines rated at approximately 
160001b static thrust at sea level. A photograph and 
three-view drawing of the HARV are presented in fig- 
ure 1. One of the modifications to the HARV was the 
addition of a multiaxis thrust- vectoring control system 
(TVCS) for increased high-alpha maneuverability. The 
thrust-vectoring system consists of externally mounted, 
independently actuated engine vanes (three for each 
engine) for controlled deflection of the exhaust plume 
from each of the HARV’s two turbofan engines. The 
ability to redirect the exhaust plume provides the HARV 
with enhanced maneuverability and control in areas 
where the conventional aerodynamic controls are in- 
effective. A photograph of the HARV during static test- 
ing of the TVCS is presented in figure 2. 

This report presents the results of a wind-tunnel 
investigation of the F-18 HARV TVCS. A wingtip- 
supported, partially metric, 0.10-scale jet-effects model 
of an F- 1 8 prototype aircraft was modified with hardware 
to simulate the thrust-vectoring control system of the 
HARV. Afterbody aerodynamic and thrust- vectoring 
forces and moments were measured with an internal six- 
component strain-gauge balance. Testing was conducted 
at free-stream Mach numbers ranging from 0.30 to 0.70, 
at angles of attack from 0° to 70°, and at nozzle pressure 



ratios from 1.0 to approximately 5.0. An extensive 
matrix of vane deflection angles was tested for two noz- 
zle configurations: an afterburning power nozzle and a 
military power nozzle. The model wing leading-edge and 
trailing-edge flaps could not be deflected to match the 
standard control-law schedule for an F- 18 at high angles 
of attack and were, therefore, fixed in the undeflected 
position throughout the investigation. All configurations 
were tested with the horizontal stabilators fixed at -5° (in 
order to clear the vane actuator covers without modifica- 
tions to the stabilators) and the rudders fixed at 0°. 


C L total afterbody lift coefficient in stability- 

axis system, including thrust component, 

C N cos a - C^sina 

C La afterbody aerodynamic (thrust removed) lift 
coefficient in stability-axis system, Cj n -Ci 
at NPR = 1 .0 (jet off) 

C/ total afterbody rolling-moment coefficient in 

body-axis system, including thrust 

Rolling moment 
component, 

<loo Sb 


Symbols 

All model longitudinal forces and moments are 
referred to the stability-axis system, and all lateral forces 
and moments are referred to the body-axis system. The 
model moment reference center was located at fuselage 
station (FS) 45.85, or approximately 23 percent of the 
mean aerodynamic chord (MAC). Thrust- vectoring vane 
hinge points were at FS 69.67, resulting in a moment arm 
from the hinge point of the thrust-vectoring vanes to the 
model moment reference center of 23.82 in. A discussion 
of the data reduction procedure, definitions of the aero- 
dynamic force and moment terms, and the propulsion 
relationships used herein can be found in reference 14. 

A t measured nozzle throat area, 3.48 in (per 

nozzle) at afterburning power, 2.20 in 2 (per 
nozzle) at military power 

BL butt line, in. 

b reference wingspan, 44.88 in. (model), 

37.40 ft (full-scale F-18 HARV) 


C/ a afterbody aerodynamic (thrust removed) 
rolling-moment coefficient in body-axis 
system, C ia = C/ at NPR =1.0 (jet off) 

C m total afterbody pitching- moment coefficient 

. . , Pitching moment 

including thrust component, E -— 

C m a afterbody aerodynamic (thrust removed) 

pitching-moment coefficient, C m a - C m at 
NPR = 1 .0 (jet off) 

C N afterbody normal-force coefficient in body- 

. , F N 

axis system, — - 

C N,a afterbody normal-force coefficient (thrust 

removed) in body-axis system, Cn# ~ Cn at 
NPR =1.0 (jet off) 

C n total afterbody yawing-moment coefficient 

in body-axis system, including thrust 

Yawing moment 

component, 

q^Sb 


C A 

afterbody axial-force coefficient along body 

. f a 
axis, — - 

C n # 

Cy 

C A# 

afterbody axial-force coefficient (thrust 
removed) along body axis, C A a = C A at 
NPR = 1.0 (jet off) 


C D,a 

afterbody aerodynamic (thrust removed) 
drag coefficient along stability axis. 

Cy# 


C Da = C(D-F) at NP R - 1 0 (J et °ff) 


C (D-F) 

afterbody drag- minus-thrust coefficient along 
stability axis, C A cos a + C^sina 

F - 

c 

C FJ 

thrust coefficient along body axis, — ^ 

Pa S 

D 

C FJJ 

jet normal-force coefficient in body-axis 

d t 


t F N 

system, — - 

F 


Pa F s 

f a 

C FS 

jet side-force coefficient, — - 

Pa S 



afterbody aerodynamic (thrust removed) 
yawing-moment coefficient in body-axis 
system, C na = C n at NPR = 1.0 (jet off) 

total afterbody side-force coefficient, includ- 


ing thrust component 



afterbody aerodynamic (thrust removed) side- 
force coefficient, Cy = Cy at NPR = 1 .0 
(jet off) 

reference wing mean aerodynamic chord, 
13.82 in. (model), 1 1.52 ft (full-scale F-18 
HARV) 

afterbody drag along stability axis, lbf 

measured minimum nozzle diameter at 
throat, in. 

thrust along stability axis, lbf 

measured axial force along body axis, positive 
downstream, lbf 
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F *J 

gross thrust for full-scale F-18 HARV, left 
engine, lbf 

F S.r 

gross thrust for full-scale F-18 HARV, right 
engine, lbf 

Fi 

ideal isentropic gross thrust. 



^ g 2 y- iL InprJ J 

, lbf 

F J 

measured thrust along body axis, lbf 


F n 

measured normal force in body-axis system, 
positive upward, lbf 

F r 

/ 2 2 2 

resultant thrust, ^ Fj + F N + F s , lbf 


F S 

measured side force, positive to right when 
looking upstream, lbf 

8 

gravitational constant, 32.174 ft/sec" 


Iyy 

full-scale F-18 HARV pitch inertia with 
60 percent of internal fuel capacity, 
174246 slug-ft 2 

Izz 

full-scale F-18 HARV yaw inertia with 
60 percent of internal fuel capacity, 
189336 slug-ft 2 

M 

free-stream Mach number 


NPR 

nozzle pressure ratio, p t Jp a at M ~ 0 or 
PtJP~ at M > 0 

NPR rf 

design nozzle pressure ratio (NPR for fully 
expanded flow at nozzle exit) 

Pa 

ambient pressure, psi 


PtJ 

average jet total pressure, psi 


Poo 

free-stream static pressure, psi 


<7 

pitch acceleration. 180 x C "f - “ , deg/scc> 
71 ! yy 

(loo 

free-stream dynamic pressure, psi 


qL 

flight dynamic pressure, 61 .22 psf (for M = 
0.30, Altitude = 20000 ft) 

R J 

gas constant, 1716 ft 2 /sec 2 -°R (for y = 

1.3997) 

r 

, 180 C n<l'°° Sb A , 2 

yaw acceleration, x , deg/sec 

71 l zz 

S 

wing reference area, 576.00 in (model), 
400 ft 2 (full-scale F-18 HARV) 

T 'J 

average jet total temperature, °R 



w i 


X 


y 


y 0 


T 

5 

8 p 

8 r 

5 , 

8 y 

e 


ideal isentropic weight-flow rate, 

7 + 1 

2 

— , Ibf/sec (for 

T u R j 

NPR> 1.89) 



measured weight-flow rate, lbf/sec 

axial distance measured from nozzle exit, pos- 
itive downstream, used to define position of 
thrust-vectoring vanes relative to nozzle exit 
(see fig. 5(b)), in. 

axial location of nozzle exit, used to define 
position of thrust- vectoring vanes relative to 
nozzle exit (see fig. 5(b)), in. 

vertical distance measured from nozzle exit, 
positive away from nozzle centerline, used to 
define position of thrust-vectoring vanes rela- 
tive to nozzle exit (see fig. 5(b)), in. 

vertical location of nozzle exit, used to define 
position of thrust- vectoring vanes relative to 
nozzle exit (see fig. 5(b)), in. 

angle of attack, deg 

ratio of specific heats, 1 .3997 for air 

geometric vector angle of thrust-vectoring 
vane, deg 

resultant pitch thrust vector angle at static 
conditions, positive deflection downward 
(pitch down), tan ~\Fj^Fj), deg 

rudder deflection, positive deflection trailing 
edge left, deg 

stabilator deflection, positive deflection trail- 
ing edge down, deg 

resultant yaw thrust vector angle, positive 
deflection to left (yaw left), tan ~ l (F s /Fj), deg 

nozzle internal convergence angle (see 
fig. 7), deg 


Abbreviations: 


ASME American Society of Mechanical Engineers 

FS fuselage station 

HARV High- Alpha Research Vehicle 

LEX leading-edge extension 

MAC mean aerodynamic chord 

TVCS thrust-vectoring control system 

Subscripts: 

A top vane, left engine 

B lower left vane, left engine 

C lower right vane, left engine 
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D top vane, right engine 

E lower left vane, right engine 

F lower right vane, right engine 

Apparatus and Procedure 

Wind Tdnnel 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel, a single-return, continuous- 
flow, atmospheric wind tunnel with a slotted octagonal 
test section and continuous air exchange. The wind tun- 
nel has a continuously variable airspeed with a Mach 
number range from 0.20 to 1.30. Test-section plenum 
suction is used for speeds above Mach 1.05. The wall 
divergence in the test section is adjusted as a function of 
Mach number and airstream dew point in order to elimi- 
nate any longitudinal static-pressure gradients in the test 
section. The average Reynolds number per foot ranges 
from about 1.20 x 10 6 at a ffee-stream Mach number of 
0.2 to about 4.10 x 10 6 at a free-stream Mach number of 
1.30. A complete description of this facility and its oper- 
ating characteristics can be found in reference 15. 

Model and Support System 

An existing 0.10-scale afterbody jet-effects model of 
an F- 1 8 prototype aircraft (ref. 1 6) was employed for this 
investigation and is shown in the sketch of figure 3 and 
the photographs of figure 4. The wingtip- supported 
model approximated the HARV external lines, with 
major differences being (1) faired over inlets (required 
for powered-model tests and located on the nonmetric 
forebody well forward of the metric afterbody), (2) wing 
alterations near the tips (required for the model support 
system), (3) nose strakes, and (4) leading-edge extension 
(LEX) slots. The model afterbody was extensively modi- 
fied to simulate the thrust-vectoring control system of the 
F-18 HARV. Details of the thrust-vectoring hardware are 
presented in figure 5. The term “afterbody,” as used in 
this paper, refers to the metric portion of the model (the 
shaded portion in fig. 3), on which forces and moments 
were measured with a six-component strain-gauge bal- 
ance. The metric afterbody included the aft fuselage, 
nozzles (including internal thrust hardware), thrust-vec- 
toring control system, and empennage surfaces. (See 
fig. 6.) The model forebody and wing were nonmetric, 
and the metric break was located at FS 57.00, A 0.10-in. 
gap in the external skin at the metric-break station pre- 
vented fouling between the nonmetric forebody and wing 
and the metric afterbody. A flexible Teflon strip in the 
metric-break gap was used as a seal to prevent flow into 
the model. 


As shown in figures 3 and 4, the model was sup- 
ported at the wingtips in the wind tunnel. The outer wing 
panels, ffom 65 percent of the semispan to the tip, were 
modified ffom airplane lines to accommodate the wingtip 
support system and air supply system. Two wingtip 
booms were attached to the tunnel support system with 
V-struts, as shown in figure 4(b). High-pressure air and 
instrumentation lines were routed through the V-struts 
and wingtip booms and entered the model fuselage 
through passages in both wings. High-pressure air routed 
through each wing was discharged into a common ple- 
num in the center section of the model forebody. 

The wingtip support system has the unique feature of 
being able to set a model to a fixed incidence angle rela- 
tive to the support system, which has pitch angle capabil- 
ity ffom -10° to 25°. This allows testing of models to 
high angles of attack while keeping the model at or near 
the wind-tunnel centerline. During this investigation, the 
model incidence angle relative to the support system was 
initially set at 8° to allow testing at angles of attack ffom 
—2° to 33° (fig. 4(a)). With the test matrix completed for 
angles of attack up to 33°, the model incidence relative to 
the support system was changed to 45° to allow testing at 
angles of attack ffom 35° to 70° (fig. 4(b)). Changing 
model incidence relative to the support system often 
results in slight discontinuities in aerodynamic data 
obtained during wind-tunnel investigations. Not unex- 
pectedly, the results of this investigation are character- 
ized by slight discontinuities in the data between angles 
of attack of 32° and 35°. 

Twin-Jet Propulsion Simulation System 

An external high-pressure air source provided a con- 
tinuous flow of clean, dry air to the model at a controlled 
stagnation temperature of about 530°R (70°F) at the noz- 
zles. This high-pressure air was transferred from a com- 
mon plenum in the model forebody to the metric 
afterbody by means of two flow-transfer assemblies. A 
sketch showing details of one of these assemblies is pre- 
sented in figure 6. Two flexible metal bellows were 
located in each flow-transfer assembly to compensate for 
axial forces caused by pressurization and to act as seals 
between the nonmetric portion and the metric portion of 
the model. 

Transition and instrumentation sections, including 
17.9-percent-open choke plates, were attached to the 
downstream end of each flow-transfer assembly. Each 
instrumentation section contained six total -pressure 
probes (three probes each on two rakes) and one total- 
temperature probe downstream of the transition section 
and choke plate. Thus, ideal nozzle performance parame- 
ters calculated from these measurements are free of 
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losses from the transition sections. The weight-flow rate 
of the high-pressure air supplied to the exhaust nozzles 
was determined from a calibrated critical flow venturi 
system in the air line external to the wind tunnel. 

Thrust- Vectoring Control System 

Full-Scale F-18 HARV 

The full-scale F-18 HARV TVCS consists of three 
externally mounted deflecting vanes positioned about the 
periphery of each engine nozzle (fig. 1). During non- 
vectoring conditions, the vanes are retracted well outside 
the exhaust plume; multiaxis thrust vectoring is achieved 
by controlled deflection of selected vanes into the 
exhaust flow. To prevent thermal constraints on the air- 
craft engines, a maximum of two vanes on each engine 
are deployed at a given time. Vane actuation is accom- 
plished by means of modified aileron eiectrohydraulic 
actuators mounted external to the aircraft; maximum 
vane rotation rate is 80 deg/sec. While an externally 
mounted vane actuation system is far from an optimum 
installation, aerodynamic drag penalties are acceptable 
for flight testing of the TVCS. 

Static investigations of postexit vane- vectoring con- 
cepts and the F-18 HARV TVCS were performed to aid 
in the design of the thrust-vectoring vanes (refs. 17 
through 19). These investigations concluded that the 
most effective vane design incorporated double curvature 
on the vectoring surface, that is, axial and radial curva- 
ture. In addition, the vanes were designed with clipped 
comers at the trailing edge to allow maximum vector 
angles without physical vane interference. The larger top 
vanes were designed to generate a greater nose-down 
pitching moment, while the bottom (lower left and lower 
right) vanes on each engine are used together to generate 
sufficient nose-up pitching moment. 

The orientation of the HARV thrust- vectoring sys- 
tem was dictated by structural considerations and the 
necessity to avoid interference with the aerodynamic 
control surfaces. However, the inside trailing edges of 
the stabilators required slight modifications (top view of 
fig. 1(b)) to provide clearance for the lower outboard 
vane actuator housings. To accommodate the vane actua- 
tion system, the engines were modified by removing the 
divergent portion of each nozzle. Eliminating the diver- 
gent portions of the nozzles changed each nozzle type to 
a convergent nozzle (with lower performance at high 
NPR), but allowed easier installation of the vane actua- 
tion system on the flight test vehicle. The remaining 
convergent nozzle hardware was modified to maintain 
structural integrity. 

The weight of the thrust- vectoring control system 
installation on the F-18 HARV is approximately 2200 lb. 


With the addition of a spin recovery chute system, emer- 
gency electrical and hydraulic systems, and ballast, an 
additional 1500 lb has been added for a thrust- vectoring 
control system weight increase of approximately 3700 lb. 
An additional 419 lb resulted from the inclusion of 
equipment and wiring not directly associated with the 
thru st- vectoring control system. Total weight for the 
modified F-18 HARV aircraft is 36099 lb at a 60-percent 
internal fuel condition. 

0.10-Scale Jet-Effects Wind-T\tnnel Model 

Modifications were made to the existing 0.10- scale 
jet-effects wind-tunnel model (ref. 16) starting at 
FS 63.47 to simulate the thrust- vectoring control system 
of the HARV. These modifications consisted of remov- 
ing the divergent section of the convergent-divergent 
exhaust nozzles and adding the thrust-vectoring hard- 
ware, vane actuator fairings, and spin-chute canister. 
These modifications are shown on the model in figures 5 
and 6. Two nozzle power settings were investigated by 
using two sets of interchangeable inner nozzles; one set 
represented a military (dry power) setting with a mea- 
sured throat area of 2.20 in 2 , while the other set repre- 
sented an afterburning power setting with a measured 
throat area of 3.48 in 2 . A sketch showing geometric 
details of the inner nozzles is presented in figure 7. 

The model vane planform area was 3.60 in for 
each top vane and 2.63 in 2 for each lower vane (fig. 8). 
Thus, the top vanes were approximately 37 percent larger 
than the lower vanes. The thrust-vectoring vanes were 
mounted to the model vane supports, which were 
designed with multiple alignment holes in order to set 
vane deflection angles (fig. 9). The axial and radial loca- 
tions of the thrust- vectoring vanes relative to the nozzle 
exit are presented in figure 5(b). (Note that left and right 
thrust-vectoring vane installations are mirror images of 
each other.) The vane supports were covered with simu- 
lated actuator fairings and a simulated spin-chute canister 
was added to model the flight test vehicle spin recovery 
chute system. Geometric details of the model vane sup- 
port fairings and spin-chute canister are presented in 
figures 10 and 11, respectively. 

Tests 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel at wind-off conditions and at 
free-stream Mach numbers of 0.30, 0.50, and 0.70. Angle 
of attack was varied from 0° to 70°, depending on Mach 
number. Angle of attack was limited at the higher Mach 
numbers by the maximum load capabilities of the wing. 
Nozzle pressure ratio was varied from 1 .0 (jet off) to 5.0, 
depending on nozzle power setting and Mach number. 
Thrust-vectoring vane deployment angles investigated 


5 



were -10° (fully retracted), 0°, 5°, 10°, 15°, 20°, and 25°. 
Vane deployment angles were chosen based on previous 
static investigations of the HARV TVCS (refs. 18 and 
19), which determined that the thrust-vectoring vanes do 
not vector the exhaust flow until deployed at 10°. A com- 
plete listing of model configurations tested during this 
investigation is presented in table 1 . 

Basic data were obtained by holding nozzle pressure 
ratio constant and varying angle of attack; nozzle pres- 
sure ratio sweeps were conducted at selected, constant 
angles of attack. During angle-of-attack sweeps, nozzle 
pressure ratio was set to 4.15 at military power and 4.25 
at afterburning power to approximate the NPR of the 
HARV at flight Mach numbers from 0.30 to 0.70. The 
model wing leading-edge and trailing-edge flaps could 
not be deflected to match the standard control-law 
schedule for the F-18 at high angles of attack and were, 
therefore, fixed in the undeflected position throughout 
the investigation. The horizontal stabilators were fixed at 
-5° (in order to clear the vane actuator covers without 
modifications to the stabilators), and the rudders were 
fixed at 0° throughout the investigation. All tests were 
conducted with 0.10-in-wide boundary-layer transition 
strips located 1.50 in. from the tip of the forebody nose 
and 1 .00 in. aft (streamwise) of all lifting surfaces and 
inlet (imaginary) leading edges. These strips consisted of 
No. 100 carborundum grit sparsely distributed in a thin 
film of lacquer. 

Data Reduction 

All data for both the model and the wind tunnel were 
recorded on magnetic tape. Approximately 50 frames of 
data, measured at a rate of 10 frames per second, were 
taken for each data point. Averaged values of the data 
measurements were used to compute basic nozzle perfor- 
mance parameters and aerodynamic force and moment 
coefficients. These coefficients represent the total after- 
body forces and moments (including thrust contribu- 
tions) nondimensionalized by free- stream dynamic 
pressure, wing reference area (576 in 2 ), wing mean aero- 
dynamic chord (13.82 in.), and wingspan (44.88 in.). The 
moment reference center was located at FS 45.85, and 
the thrust-vectoring vane hinge points were located at FS 
69.67. 

The balance measurements were initially corrected 
for model weight tares and isolated balance component 
interactions. Because the centerline of the balance was 
below the flow-transfer assembly (bellows) centerline, a 
force and moment interaction (tare) between the bellows 
and the balance existed. In addition, although the bellows 
arrangement in the flow-transfer system was designed to 
minimize forces on the balance caused by pressurization, 
small bellows tares on the six-component balance still 


existed. These tares resulted from a small pressure differ- 
ence between the ends of the bellows when air system 
internal velocities were high and from small differences 
in the spring constant of the forward and aft bellows 
when the bellows were pressurized. Tares due to interac- 
tions between the bellows and the balance were deter- 
mined by single and combined calibration loadings on 
the balance, with and without the jet operating with 
ASME calibration nozzles (which have known perfor- 
mance over the range of expected internal pressures) 
installed. Tare forces and moments were then removed 
from the appropriate balance component data. Additional 
balance corrections were also made to account for met- 
ric-break gap, base, and internal cavity pressure tares. 

At static (M - 0) conditions, the internal thrust ratio 
Fj/Fj is the ratio of the measured thrust along the body 
axis to the ideal thrust. Ideal thrust F, is based on mea- 
sured weight flow w p , jet total pressure p t j y and jet total 
temperature T t j. (See the section “Symbols.”) The result- 
ant thrust ratio F r /F, is the resultant thrust divided by the 
ideal thrust. Resultant thrust is obtained from the mea- 
sured axial, normal, and side components of the jet 
resultant force. From the definitions of Fj and F n it is 
obvious that the thrust along the body axis Fj includes a 
reduction in thrust that results from turning the exhaust 
vector away from the axial direction, whereas the result- 
ant thrust F r does not. 

The nozzle discharge coefficient w p /w i is the ratio of 
measured weight-flow rate from upstream venturi mea- 
surements to ideal weight-flow rate, which is calculated 
from total-pressure and total-temperature measurements 
and the nozzle throat area A t (the measured geometric 
minimum area in the nozzle). This discharge coefficient 
is a measure of the nozzle efficiency in passing weight 
flow. The discharge coefficient is reduced by any 
momentum and vena contracta losses (the tendency for a 
local flow separation bubble to form in the vicinity of the 
nozzle throat, resulting in an effective throat area less 
than A,). 

The resultant pitch and yaw thrust vector angles 5^ 
and 8 y are the net effective angles at which the thrust- 
vectoring mechanism turns the exhaust flow away from 
the axial direction. As indicated in the section “Sym- 
bols,” these angles are calculated from the force compo- 
nents measured by the balance and do not necessarily 
represent the actual plume angle of the exhaust flow. 

At wind-on conditions, corrected longitudinal forces 
and moments measured by the balance were transferred 
from the body axis of the metric portion of the model to 
the stability-axis system. Angle of attack a, the angle 
between the afterbody centerline and the relative wind at 
zero sideslip, was determined by applying corrections for 
afterbody deflection (caused when the model and balance 
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bend under aerodynamic load) and tunnel flow angularity 
to the angle of the nonmetric forebody determined from a 
calibrated attitude indicator. The flow angularity correc- 
tion was 0.1°, which is the average upflow angle mea- 
sured in the Langley 16-Foot Transonic Tunnel. 

Because this investigation was conducted over a 
large angle-of-attack range, the attitude of the nonmetric 
forebody was determined with two calibrated attitude 
indicators: one in the model forebody, the other in the 
support system. During testing at angles of attack from 
-2° to 33°, the attitude indicator in the model nose was 
used to compute angle of attack. Because the attitude 
indicator in the model forebody was unreliable at angles 
of attack above 45°, the attitude indicator in the support 
system was used to determine the attitude of the non- 
metric forebody when the model incidence was set at 
45°. The difference between the angle of the model fore- 
body and that of the attitude indicator in the support sys- 
tem was measured (wind off) and applied as an 
additional correction when computing the angle of attack 
of the metric afterbody. Because of the rigidity of the 
wingtip support system, any deflections of the support 
system at the high angle-of-attack, low Mach number 
conditions were considered to be negligible. 

Presentation of Results 

The results of this investigation are presented in both 
tabular and plotted form. Table 1 is an index to tables 2 
to 39, which contain static and aeropropulsive perfor- 
mance characteristics for each model configuration 
investigated. Table 40 presents typical engine perfor- 
mance characteristics of the full-scale F-18 HARV 
obtained from reference 20. In the present report, a geo- 
metric vane deflection angle of -10° will always be con- 
sidered the fully retracted vane position, and larger vane 
angles will be considered a deployed vane position. 

Comparison and summary plots for selected configu- 
rations are presented in figures 12 to 31 as follows: 

Figure 


Effect of power setting on static performance 

characteristics with vanes fully retracted 12 

Nozzle static performance with the thrust- 
vectoring vanes deployed at — 

Afterburning power 13 

Military power 14 

Resultant static thrust-vectoring envelopes at — 

Afterburning power 15 

Military power 16 

Afterbody aerodynamic characteristics at 
afterburning power and NPR = 4.25 with 
vanes fully retracted 17 


Effect of power setting on afterbody aerodynamic 
characteristics at scheduled NPR with vanes 
fully retracted 18 

Afterbody aerodynamic characteristics at after- 
burning power and NPR = 4.25 with — 

Vanes A, D deployed 19 

Vanes B,E and C,F deployed 20 

Vanes B,E deployed 21 

Vanes A,D and B,E deployed 22 

Individual afterbody drag and thrust contributions 

that make up C( D _ ^ 23 

Variation in afterbody drag and thrust contributions 
with angle of attack at afterburning power with 
NPR = 4.25 and M = 0.30 24 

Afterbody aerodynamic characteristics at military 
power and NPR = 4.15 with — 

Vanes A,D deployed 25 

Vanes B,E and C,F deployed 26 

Vanes B,E deployed 27 

Vanes A, D and B,E deployed 28 

External flow effects on pitching moment at 

afterburning power and NPR = 4.25 29 

External flow effects on yawing moment at 

afterburning power and NPR = 4.25 30 

Computed aerodynamic and propulsive control 

capability for F-18 HARV 31 


Results and Discussion 

Static Performance 

Static (M = 0) performance characteristics that show 
the effects of nozzle power setting and thrust vectoring 
are presented in figures 12 to 16. Static nozzle perfor- 
mance is presented in terms of internal thrust ratio FjfF^ 
resultant thrust ratio F r /F i , resultant pitch vector angle 
8 p , resultant yaw vector angle S y , and nozzle discharge 
coefficient w^Jw^ Recall that the divergent portion of 
each exhaust nozzle was removed prior to the installation 
of the thrust-vectoring control system, which changed 
each nozzle to a convergent type. It was expected that 
these modifications would result in thrust ratio trends 
typical of convergent nozzles (ref. 21). 

Before continuing with the discussion of results, 
some general performance characteristics of convergent 
nozzles should be noted. In a convergent nozzle, thrust 
ratios peak when choked flow conditions are established 
and nozzle exit pressure is equal to ambient pressure 
(i.e., flow in the nozzle is fully expanded). The nozzle 
pressure ratio corresponding to the fully expanded condi- 
tion is known as the design NPR (NPR^) and is equal to 
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1.89 for a convergent nozzle. Losses in thrust ratio at 
NPRj are attributed to friction in the nozzle and exit- 
flow angularity effects. When a convergent nozzle oper- 
ates at NPR> 1.89, nozzle exit pressure is higher than 
ambient pressure and the exhaust flow must expand to 
ambient conditions downstream of the nozzle exit (i.e., 
flow in the nozzle is underexpanded). External flow 
expansion corresponds to a loss in possible thrust and 
results in losses in thrust ratio for convergent nozzles at 
NPR > 1.89. 

Effects of Nozzle Power Setting 

Static performance characteristics that show the 
effects of nozzle power setting (afterburning versus mili- 
tary) with the thrust-vectoring vanes fully retracted are 
presented in figure 12. The internal thrust ratio FJF^ 
resultant thrust ratio F r /F i9 and nozzle discharge coeffi- 
cient Wp/wj are presented as a function of nozzle pressure 
ratio NPR. Thrust ratio trends at the military power set- 
ting were typical of a convergent nozzle (ref. 21), which 
experiences peak performance at NPR = 1.89 and re- 
duced performance at higher NPR due to increased flow 
underexpansion effects. However, thrust ratios at the 
afterburning power setting peaked at a higher NPR 
(NPR^ ~ 2.5), and their magnitude was larger than at the 
military power setting (fig. 12). This behavior is indica- 
tive of a convergent-divergent nozzle with an effective 
expansion ratio of about 1.17 (compared with an expan- 
sion ratio of 1 .00 for a convergent nozzle). The increased 
proximity of the exhaust plume to the retracted vanes at 
afterburning power (fig. 5(b)) allowed flow expansion to 
occur on the retracted vane surfaces (thereby reducing 
underexpansion losses) and resulted in behavior typical 
of a low expansion ratio convergent-divergent nozzle. 
Note that with the vanes fully retracted Fj!F i and F r lF i 
were identical, indicating that no vectoring of the exhaust 
plume occurred. 

Discharge coefficient w p /w i levels differed between 
the afterburning and military power settings because 
w p /w i is influenced by nozzle geometry upstream of and 
in the vicinity of the nozzle throat (fig. 12). As indicated 
in figure 7, the nozzles at the military power setting had a 
higher internal convergence angle 0 than at the afterburn- 
ing power setting. The higher convergence angle resulted 
in higher vena contracta losses (the tendency for a local 
flow separation bubble to form near the nozzle throat) 
and, thus, in lower values of discharge coefficient. Such 
trends are typical of convergent nozzle performance 
(ref. 21). Geometric changes downstream of the nozzle 
throat plane do not generally affect discharge coefficient. 
For the nozzles of this investigation, thrust vectoring by 
vane deflection was always implemented downstream of 
the nozzle throat and resulted in insignificant effects on 
Wp/w Consequently, Wp/w is not presented for the vec- 


toring configurations, since the trends essentially mir- 
rored results with the vanes fully retracted. 

Effects of Thrust Vectoring 

Static performance characteristics at afterburning 
and military power with the thrust-vectoring vanes 
deployed are presented in figures 13 and 14, respec- 
tively. The internal thrust ratio Fj/F h resultant thrust ratio 
F r /F h resultant pitch vector angle 5 p , and resultant yaw 
vector angle 8^ are presented as a function of NPR. A 
matrix of vane deflection angles was tested at each power 
setting in order to provide a static thrust-vectoring enve- 
lope. During vectoring, at least one vane on each engine 
was always fully retracted, while one or two of the 
remaining vanes on each engine were deployed into the 
exhaust flow. The matrix of vane deflections tested was 
divided as follows: top vanes deployed for positive pitch 
vector angle (pitch down), lower left and lower right 
vanes deployed for negative pitch vector angle (pitch 
up), lower left vanes deployed for combined negative 
pitch vector and negative yaw vector angles (pitch up and 
yaw right), and top and lower left vanes deployed for 
combined positive pitch vector and negative yaw vector 
angles (pitch down and yaw right). The maximum vane 
deployment angle was 25° at each vectoring condition, 
except for the pitch up case, where physical interference 
between the model hardware limited the maximum vane 
deflections and resulted in vane deployment angles of 
25° for vanes B and F and 20° for vanes C and E. 
Because the vane installations on the left and right 
engines were mirror images of each other, yaw vectoring 
was only performed in the negative direction (yaw right) 
during this investigation. 

Certain trends (as calculated from the multiaxis 
thrust-vectoring forces and moments) dominated the vec- 
tored thrust data. Increased deflection of the vanes 
resulted in higher turning angles due to an increased 
amount of vane surface in contact with the exhaust flow 
(figs. 13 and 14). However, resultant thrust vector angles 
were always less than the corresponding geometric vane 
deflection angle, and large amounts of flow turning were 
always accompanied by large thrust losses. These losses 
were expected, based on previous studies, and were a 
direct result of deploying the vanes into the supersonic 
jet-exhaust flow (ref. 17). 

Afterburning power. Resultant thrust vector angles 
at afterburning power did not always remain constant or 
behave linearly with increasing NPR (fig. 13). Thrust 
vector angles increased or decreased with increasing 
NPR, depending on which vanes were deployed and on 
the magnitude of the vane deployment angle. The largest 
variations in resultant thrust vector angles occurred when 
the top vanes were deployed. For example, 5 p at the full 
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pitch down (top) vane deployment (8 A D = 25°) 
increased from 8° at NPR = 2.0 to approximately 12° at 
NPR = 4.0 (fig. 13(b)). However, 8^ at the full pitch up 
(bottom) vane deployment (5 B F = 25°, 8 C E = 20°) var- 
ied by only 1° across the NPR range (fig. 13(c)). 

Because the vanes were not always entirely within 
the exhaust flow, many factors influenced the perfor- 
mance of the thrust-vectoring control system. The 
amount of vectoring generated by a deployed vane was 
highly dependent on vane position with respect to the 
exhaust plume. Once choked flow conditions are estab- 
lished in a convergent nozzle, a further increase in NPR 
typically results in a slightly larger exhaust plume. If this 
were the dominant factor, one would expect a fairly lin- 
ear increase in resultant vector angles with increasing 
NPR as more of the vane surface comes into contact with 
the exhaust plume. However, many additional factors 
influenced the magnitude of resultant thrust vector angles 
generated. These include impingement effects of the vec- 
tored jet plume on the retracted vanes, venting of the 
exhaust plume between vanes during vectoring (an 
example can be seen in fig. 2 during static testing of the 
TVCS), and the inherently unpredictable aerodynamic 
characteristics on the back surface of the deflected 
vane(s) as the plume expands with increasing NPR. 

Military power. The military power results for vane 
deployments are presented in figure 14. Trends in perfor- 
mance and thrust vectoring similar to those observed at 
the afterburning power setting were also apparent at the 
military power setting. However, nozzles at the after- 
burning power setting typically provided higher resultant 
thrust vector angles than at the military power setting, 
especially for bottom vane deployments. For example, 
the full pitch down (top) vane deployment (5 A D = 25°) 
produced resultant pitch vector angles of 12° at both the 
afterburning and military power settings. (Compare 
figs. 13(b) and 14(b).) However, the full pitch up (bot- 
tom) vane deployment (8g F = 25°, 5 C E = 20°) produced 
resultant pitch vector angles of 17° at the afterburning 
power setting as compared with 14° at the military power 
setting. (Compare figs. 13(c) and 14(c).) The increased 
flow turning at afterburning power is attributable to the 
larger plume at the afterburning power setting. This 
placed the exhaust flow closer to the vanes and allowed 
the vanes to contact a larger portion of exhaust flow. 
Obviously, this effect was most substantial when multi- 
ple vanes on each engine were deployed. 

One trend that differed between the afterburning and 
military power settings was the effect of increasing NPR 
on resultant vector angles. At afterburning power, the 
effect of NPR varied with vane deployment angle. At 
military power, the effect of NPR was predominately 
favorable as resultant thrust vector angles remained con- 


stant or increased with increasing NPR. (See fig. 14(c), 
for example.) 

Thrust-Vectoring Envelopes 

The results of the parametric vane deployments are 
summarized in figures 15 and 16 as a thrust-vectoring 
envelope for each nozzle power setting and NPR tested. 
Results are presented as resultant pitch vector angle 8 p 
plotted against resultant yaw vector angle 8 V . The perim- 
eter of the envelope represents maximum vane deploy- 
ment angles. Points within the maximum envelope 
represent resultant vector angles obtained with lesser 
vane deflections. Requirements for the F-18 HARV 
TVCS, obtained from reference 22, are plotted in fig- 
ures 15 and 16 as solid symbols. As discussed previ- 
ously, yaw vectoring was only performed in the negative 
direction during this investigation. The positive 8 V por- 
tion of the thrust-vectoring envelope was approximated 
by assuming that the envelope is symmetric in yaw. 

In general, both the afterburning and military power 
thrust-vectoring envelopes are asymmetric in pitch, with 
the pitch-vectoring capability biased towards the nega- 
tive side (pitch up) at low values of 8 V and towards the 
positive side (pitch down) at high values of 8 V , a result of 
the use of three thrust-vectoring vanes positioned asym- 
metrically about the periphery of each engine nozzle. 
Pure pitch vector or yaw vector angles are possible by 
utilizing specific vane deflection combinations. Unfortu- 
nately, maximum vector angles are not possible simulta- 
neously in pitch and yaw; this was an anticipated result 
of the vane geometry. 

Comparison of the afterburning power envelopes 
(fig. 15) with the military power envelopes (fig. 16) illus- 
trates the increased turning effectiveness of the vanes 
when actuated on the afterburning power nozzle. The 
thrust- vectoring requirements fall within the afterburning 
power envelopes (fig. 15), but are typically outside the 
military power envelopes (fig. 16). This indicates that the 
afterburning power setting is needed to meet the require- 
ments of reference 22. 

Although useful levels of thrust vectoring were 
obtained, the resultant thrust vector angles generated by 
the thrust-vectoring control system were always less than 
the corresponding geometric vane deflection angle. Pre- 
vious investigations (see refs. 5, 6, and 8, for example) 
have studied thrust-vectoring concepts that provide a 
more effective (resultant thrust vector angle approxi- 
mately equal to geometric vector angle) thrust vector 
capability. However, the thrust- vectoring control system 
for the HARV was selected more from schedule, com- 
plexity, and cost issues, rather than from performance 
issues. In these respects, the external-vane concept was a 
good selection. 
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Performance at Forward Speeds 

Basic data for each configuration investigated at 
wind-on conditions are presented as total afterbody 
aerodynamic coefficients (which include thrust contribu- 
tions) in figures 17 to 28. Included are lift coefficient C L , 
pitching-moment coefficient C m , drag-minus-thrust coef- 
ficient rolling-moment coefficient C/, yawing- 

moment coefficient C„, and side-force coefficient Cy. 
Recall that all longitudinal forces and moments (C L , 
C(D-F )’ C m ) are referred to the stability-axis system 

and the lateral forces and moments (C/, C n , and C Y ) are 
referred to the body-axis system. Because the six- 
component balance resolved the measured forces and 
moments into the body-axis system rather than the 
stability-axis system, C L and were determined 

from the following equations: 

C L = C^cosa- C^sina 

C(D - F) = C0S a + s * n a 

where C N and C A are the balance-measured body-axis 
normal-force and axial-force coefficients, respectively. 
Body-axis axial-force coefficient C A is measured posi- 
tive in the downstream direction and is, therefore, 
increased by increased drag and reduced by increased 
thrust. 

Afterbody Aerodynamic Characteristics With Vanes 

Fully Retracted 

Afterbody aerodynamic characteristics that show the 
effects of Mach number and angle of attack are presented 
in figure 17 at afterburning power and NPR = 4.25 with 
the vanes fully retracted. The trends observed are typical 
of similar afterbody configurations previously tested 
(ref. 16). At a constant Mach number, lift coefficient C L 
and drag-minus- thrust coefficient increased with 

increasing angle of attack, while pitching-moment coef- 
ficient decreased with increasing angle of attack. These 
changes result from increased lift on the stabilators and 
changes in stability axis thrust components that occur 
with increased angle of attack. 

At constant angle of attack, the effect of increasing 
Mach number wets to reduce C L and increase 
because of increased drag and reduced thrust. Large 
increases in afterbody drag would not typically be 
expected for a clean afterbody configuration at the Mach 
numbers presented; however, the externally mounted 
vane actuation system and spin-chute canister of the 
HARV configuration contributed to increased afterbody 
drag at higher subsonic Mach numbers. The reduction in 
thrust with increasing Mach number is the result of a 
requirement to maintain constant NPR across the Mach 
number range. Because free-stream static pressure 


decreases with increasing Mach number in the wind tun- 
nel, jet total pressure p t j required to maintain constant 
NPR also decreases. Lowering jet total pressure with 
Mach number reduces the momentum of the exhaust 
flow and, consequently, reduces thrust. A reduction in 
thrust with increasing Mach number is contrary to the 
behavior of the full-scale F-18 HARV, which experi- 
ences increased thrust (at constant altitude and power set- 
ting, see table 40) at higher Mach numbers. 

As discussed previously, subscale model tests in the 
Langley 16-Foot Transonic Tunnel utilize a cold-jet pro- 
pulsion simulation system to simulate engine exhaust. 
While the cold jet does not accurately model the thrust 
generated (because of the small scale, cold temperature, 
and lack of real gas effects), it does provide a reasonable 
representation of the flight exhaust plume shape and its 
variation with NPR and Mach number. Through the sim- 
ulation of the plume shape, external flow effects (which 
result from the interaction of the free stream with the 
exhaust plume and adjacent model surfaces) can be 
determined. External flow effects are a critical contribu- 
tion to propulsion-installation calculations that correct 
the installed engine thrust for inlet, nozzle, and throttle- 
dependent trim drags. 

Effects of Nozzle Power Setting With Vanes Fully 

Retracted 

The effects of nozzle power setting on afterbody 
aerodynamic characteristics at scheduled NPR with the 
vanes fully retracted are presented in figure 18. At a con- 
stant Mach number, changing from the military to after- 
burning power setting resulted in increased thrust. An 
increase in thrust at afterburning power results from 
increased mass flow through the nozzles and beneficial 
flow expansion on the retracted vane surfaces (discussed 
previously in the section “Static Performance’'). There- 
fore, because of increased thrust, C^ D _ ^ was lower at 
the afterburning power setting. 

As shown in figure 18(a), changing from the military 
to afterburning power setting significantly increased C L , 
especially at higher angles of attack. The increase in C L 
is the result of a decrease in C A that occurred with 
increased thrust. As shown in figure 1 8(b), the effects of 
nozzle power setting are diminished at M = 0.50 because 
of the decrease in thrust (at constant NPR) and increase 
in drag associated with higher Mach numbers (i.e., thrust 
is a proportionately smaller contributor to afterbody 
aerodynamic coefficients at higher Mach numbers in the 
wind tunnel). 

Effects of Thrust Vectoring 

Afterburning power ; The effects of thrust vectoring 
at afterburning power are presented in figures 19 to 22 at 
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NPR = 4.25 for each Mach number investigated. In gen- 
eral, the variation of afterbody aerodynamic coefficients 
with vane deployments followed expected trends. Longi- 
tudinal forces and moments were generated by deploying 
the top vanes, 8 A D (fig. 19), or the bottom vanes, 5 B E 
and 8 C F (fig. 20). A combination of longitudinal and lat- 
eral forces and moments were generated by deploying 
the lower left vanes, S B E (fig. 21), or the top and lower 
left vanes, 8 A D and 8 B E (fig. 22). As indicated by the 
static thrust vector envelopes in figure 15, pure lateral 
forces and moments were possible with certain vane 
deflection combinations. As expected, deployment of the 
lower left vanes in conjunction with the top vanes 
reduced the magnitude of longitudinal forces and 
moments generated by the top vanes. (Compare 
figs. 19(a) and 22(a).) 

The increment in C L (or C Y ) generated by the 
deployed vanes was caused primarily by the jet-lift (or 
side) component of the nozzle resultant thrust. However, 
additional contributions resulted from an aerodynamic 
flap effect of the deflected vanes and a jet-induced inter- 
ference effect. These “external flow effects” will be dis- 
cussed in detail in a subsequent section. Vane 
deployments at higher Mach numbers were less effective 
at producing multiaxis thrust-vectoring forces and 
moments because of the reduction in thrust for the wind- 
tunnel model (discussed previously) that occurred at 
higher Mach numbers. (Compare figs. 19(a), 19(b), and 
19(c), for example.) 

As shown in figures 19 to 22, the increment in force 
or moment coefficients that results from thrust vectoring 
was nearly constant over the entire angle-of-attack range 
for each Mach number investigated. This lack of angle- 
of-attack dependency for thrust vectoring is similar to 
results presented in reference 7 and is the main reason 
why thrust vectoring can augment aerodynamic control 
at low speeds and high angles of attack. Because aero- 
dynamic controls are typically sized for low-speed flight, 
they are generally oversized at higher speeds. Thrust vec- 
toring could supplement aerodynamic controls at low 
speeds, reducing the required size of aerodynamic con- 
trol surfaces. Ultimately, this could lead to a reduction in 
aircraft drag and weight (ref. 5). 

One interesting performance characteristic that var- 
ied with vane deployment and angle of attack was the 
behavior of For configurations that produced 

positive (pitch down) pitch vectoring, increased vane 
deployment angles resulted in increased (See 

figs. 19 and 22.) However, for configurations that pro- 
duced negative (pitch up) pitch vectoring, C ( ^ D _ F) 
increased with vane deployment at angles of attack 
below 40° but decreased at higher angles of attack. (See 
figs. 20 and 21.) The reasons for this behavior become 


clear when one considers the factors than influence 
C(D - F) during vectoring. In the stability-axis system, 
C(D - F) can be written as C^ D - f) = C Da - C F j cos a + 
C F jy sin a where C F j and C F are the body-axis axial 
and normal components of the jet-resultant force, respec- 
tively. (See fig. 23.) A breakdown of the individual drag 
and thrust contributions that make up C^ D _ ^ is pre- 
sented in figure 24 for each vectoring configuration. 
When the top vanes are deployed such that positive pitch 
vector angles are generated, then C F jy increases and C F j 
decreases (fig. 24(a)). It is obvious from the equation 
above that C^ D _ F ^ will increase throughout the angle-of- 
attack range. Similarly, configurations with the top and 
lower left vanes deployed exhibit the same trends 
(fig. 24(d)). However, when the bottom vanes are 
deployed such that negative pitch vector angles are gen- 
erated, then both C FN and C F j decrease (fig. 24(b)). As 
a result, C^ D _ ^ initially increases with angle of attack, 
but then decreases. Because the decreases in C F and 
C F j that occur with vectoring are of similar magnitude, 
the vectored and nonvectored C^ D _ F) curves cross each 
other near a = 45° (where sin a = cos a). Configurations 
with only the lower left vanes deployed exhibit similar 
trends (fig. 24(c)), although their magnitude is reduced 
by lesser resultant thrust vector angles. 

Military power. The effects of thrust vectoring at 
military power on afterbody aerodynamic characteristics 
are presented in figures 25 to 28 for M = 0.30 and 0.50. 
The trends observed at the afterburning power setting 
were also apparent at the military power setting. 
Increased vane deflection resulted in multiaxis thrust- 
vectoring force and moment increments that remained 
nearly constant with angle of attack. However, because 
the vanes contacted less of the exhaust flow with the noz- 
zles at military power than at afterburning power, the 
magnitude of the thrust- vectoring force and moment 
increments generated was smaller at the military power 
setting. For example, at M = 0.30 and a = 0°, the incre- 
ment in C L and C m generated with maximum top vane 
deployment at military power was approximately half of 
that generated at afterburning power. (Compare 
figs. 19(a) and 25(a).) This result was indicated earlier by 
the reduction in the static (M = 0) thrust- vectoring enve- 
lopes when the nozzles were changed from the afterburn- 
ing power setting to the military power setting (figs. 1 5 
and 16). 

External Flow Effects on Pitching and Yawing 

Moments 

Although the thrust-vectoring control system of the 
F-18 HARV is less effective at static conditions than 
other vectoring concepts (see refs. 5, 6, and 8), previous 
investigations have indicated that vectoring concepts 
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with deflected surfaces washed by external flow are 
influenced by large external flow effects (ref. 5). These 
external flow effects can, in some cases, substantially 
improve the performance of the thrust- vectoring system. 
The effects of external flow on pitching and yawing 
moments generated by the HARV thrust-vectoring con- 
trol system are presented in figures 29 and 30, respec- 
tively. Each figure contains a breakdown of the 
individual components of the total moment increment 
generated by a pitch- or yaw- vectoring configuration. 
The data denoted by circles were obtained at wind-on, 
jet-off conditions with the vanes fully retracted. An 
increment, represented by the crosshatched regions, was 
obtained between vanes fully retracted and vanes 
deployed with the jet off. This represents an aerodynamic 
flap effect, that is, any moment generated aerodynami- 
cally by the deflected vanes when deployed from the 
fully retracted position. The data denoted by diamonds 
were obtained at wind-on, jet-on conditions with the 
vanes deployed and represent the final total moment 
coefficient. Any difference between this final value and 
the sum of aerodynamic flap and thrust contributions 
(symbolized by arrows and determined by static thrust 
measurements) represents a jet-induced interference 
effect caused by the interaction of the external flow with 
the vectored exhaust plume and any adjacent model 
surfaces. 

External flow effects on pitching moment. As 
shown in figure 29, external flow effects on pitching 
moment typically improved the performance of the 
thrust-vectoring control system. Aerodynamic flap 
effects had little influence on C m , especially for configu- 
rations with the top vanes (S A D ) or top and lower left 
vanes (b A D and 83 E ) deployed (figs. 29(a) and 29(d)). 
This result was not unexpected, since the top vanes are 
shielded behind the vane support fairings and spin-chute 
canister. Aerodynamic flap effects were slightly larger 
for configurations with the bottom (83 E and S CF ) or 
lower left (83 3 ) vanes deployed, and in isolated cases 
the impact on C m was unfavorable (figs. 29(b) 
and 29(c)). For example, aerodynamic flap effects 
reduced nose down pitching moment generated by the 
bottom vanes at angles of attack from approximately 15° 
to 32° (fig. 29(b)). However, in all cases the aero- 
dynamic flap effect was a small percentage (less than 
5 percent) of the total pitching-moment increment gener- 
ated by the deployed vanes. 

In many cases, jet-induced interference effects 
resulted in large favorable increases (dark shading) in 
pitching moment generated by the thrust-vectoring sys- 
tem. These jet-induced interference effects may result 
from external flow altering the angle of the jet plume, 


changing the pressure distribution on the back surface of 
the vanes or inducing pressures on the afterbody (ref. 5). 
Favorable interference effects were largest for configura- 
tions with the top vanes ( 8 A D ) or top and lower left 
vanes (8 A D and 83 E ) deployed (figs. 29(a) and 29(d)). 
For example, favorable interference accounted for as 
much as 40 percent of the nose down pitching-moment 
coefficient generated by the top vanes at M = 0.30 
and 0.50 (fig. 29(a)). Favorable jet-induced interference 
effects also existed with the lower left ( 8 B E ) or bottom 
vanes deployed (5g E and 8 C F ); however, their magni- 
tude was much smaller than in cases with the top vanes 
deployed. (Compare figs. 29(b) and 29(c) with 29(a) 
and 29(d).) 

External flow effects on yawing moment. As 
shown in figure 30, external flow effects on yawing 
moment had both favorable and adverse components that 
influenced the yaw-vectoring performance of the thrust- 
vectoring control system. The aerodynamic flap effect 
resulting from deploying the lower left (83 E ) or top and 
lower left ( 8 A D and 83 E ) vanes resulted in small favor- 
able increases in C n throughout the angle-of- attack 
range, while jet-induced interference effects varied with 
vane deployment, Mach number, and angle of attack 
(fig. 30). With the lower left vanes deployed (83 F ) at 
M = 0.50, jet-induced interference effects resulted in 
small favorable increases in yawing moment across the 
entire angle-of-attack range investigated (fig. 30(a)). 
However, at M = 0.30 jet-induced interference effects on 
the lower left vanes reduced C n (light shading) slightly at 
angles of attack between 20° and 35°. Favorable interfer- 
ence effects existed elsewhere and in some cases, such as 
at a = 70°, favorable interference accounted for approxi- 
mately 15 percent of the total yawing moment increment 
generated by the deployed vanes (fig. 30(a)). 

When both the top and lower left (S A D and 83 E ) 
vanes on each engine were deployed at M = 0.50 
(fig. 30(b)), jet-induced interference effects had little 
influence on yawing moment. However, at M - 0.30 jet- 
induced interference effects were adverse at angles of 
attack less than approximately 35° and favorable at 
higher angles of attack. As shown in figure 30(b), 
adverse interference effects were largest at lower angles 
of attack and typically decreased with increasing angle of 
attack. Adverse interference decreased the yawing 
moment increment generated by the deployed vanes by 
as much as 10 percent. At a > 35°, favorable jet-induced 
interference effects typically increased with increasing 
angle of attack. At a = 70°, favorable interference 
increased the yawing moment increment generated by 
the deployed vanes by approximately 25 percent. 
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Comparison of Aerodynamic and Propulsive 

Control Capability 

An assessment of the aerodynamic and propulsive 
control capability of the F-18 HARV is presented in fig- 
ure 31. The comparisons are made at M = 0.30 and an 
altitude of 20000 ft, which corresponds to a typical high- 
alpha air combat maneuvering condition. Longitudinal 
and directional control-power characteristics are pre- 
sented as pitch acceleration q and yaw acceleration r , 
respectively. Aerodynamic control power generated from 
the stabilators and rudders was obtained from an aero- 
dynamic database outlined in reference 20. Control 
power from thrust vectoring was calculated by using 
installed F-18 HARV engine data (table 40) obtained 
from an engine thrust model outlined in reference 20 and 
correcting thrust contributions from the wind-tunnel 
model. Control power from thrust vectoring represents 
an increment between having the vanes deployed and 
having the vanes fully retracted, with the jet operating. 

Longitudinal control A comparison of pitch accel- 
eration available from thrust vectoring versus stabilator 
deflections is presented in figure 31(a). Control power 
from thrust vectoring is evaluated at afterburning power 
and NPR = 4.25 at the vane deployments noted. As 
shown in figure 31(a), positive pitch acceleration avail- 
able from the stabilators is relatively constant up to 
angles of attack of 35° and then decreases. Positive pitch 
acceleration from thrust vectoring adds a constant incre- 
ment in q across the angle-of-attack range, substantially 
increasing positive pitch authority. Negative pitch accel- 
eration available from the stabilators slowly decreases 
with increasing angle of attack from 10° to 50° and then 
increases again. However, negative pitch acceleration 
from thrust vectoring is constant, providing an increment 
across the angle-of-attack range that more than doubles 
the negative pitch authority at angles of attack near 50°. 
As indicated in reference 3, the ability to rapidly pitch 
down is critical in high- alpha maneuvers so that high- 
speed, low-alpha flight can be resumed. 

Directional control A comparison of yaw accelera- 
tion available from thrust vectoring versus rudder deflec- 
tions is presented in figure 31(b). Yaw acceleration 
available from thrust vectoring shows no degradation 
with increasing angle of attack and is larger in magnitude 
than that available from the rudders across the entire 
angle-of-attack range. The ability to rapidly roll the air- 
craft about the velocity vector is critical in high-alpha 
maneuvers in order to point the aircraft for target acquisi- 
tion or point the normal force vector for tight radius 
turns. At high angles of attack, a roll about the velocity 
vector requires controls that generate large body axis 
yawing moments (ref. 3). Rudders are ineffective at high 


angles of attack because they are engulfed in the wake of 
the aircraft. As indicated in figure 3 1(b), this is not a 
problem for thrust vectoring, as substantial control 
authority is maintained across the entire angle-of-attack 
range. 

Conclusions 

An investigation was conducted in the Langley 
16-Foot Transonic Tunnel to determine the multiaxis 
thrust-vectoring characteristics of the F-18 High- Alpha 
Research Vehicle (HARV). A wingtip-supported, par- 
tially metric, 0.10-scale jet-effects model of an F-18 pro- 
totype aircraft was modified with hardware to simulate 
the thru st- vectoring control system of the HARV. The 
model was tested for static and aeropropulsive perfor- 
mance at free-stream Mach numbers ranging from 0.30 
to 0.70, at angles of attack from 0° to 70°, and at nozzle 
pressure ratios from 1.0 to approximately 5.0. An exten- 
sive matrix of vane deflection angles was tested for two 
nozzle configurations: an afterburning power nozzle and 
a military power nozzle. The results of this investigation 
indicate the following conclusions: 

1 . The three-vane thrust-vectoring control system of 
the F-18 HARV can generate useful levels of multiaxis 
thrust vectoring. 

2. During vectored thrust operation, resultant thrust 
vector angles were always less than the corresponding 
geometric vane deflection angle and were accompanied 
by large thrust losses. 

3. The afterburning power setting typically provided 
higher resultant thrust vector angles than the military 
power setting. Increased flow turning at afterburning 
power is attributable to the larger exhaust plume at that 
setting. 

4. Thrust- vectoring requirements for the F-18 
HARV fall within the afterburning power envelopes, but 
are typically outside the military power envelopes. This 
indicates that the afterburning power setting is necessary 
to obtain the desired multiaxis vector angles for the 
HARV design requirements. 

5. The increments in force or moment coefficients 
that result from thrust vectoring were generally constant 
over the entire angle-of-attack range for each Mach num- 
ber investigated. 

6. The thrust- vectoring control system experiences 
large external flow effects that, in some cases, 
substantially improve performance of the thrust- 
vectoring control system. 

7. Comparisons of the aerodynamic and propulsive 
control capabilities of the HARV configuration indicate 
that substantial gains in controllability are provided by 
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the multiaxis thrust- vectoring control system, especially 
at high angles of attack. 


NASA Langley Research Center 

Hampton, VA 23681-0001 

October 2, 1995 
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Table 1 . Index of Data Tables 
(a) Afterburning power 


Table 

S A.D- de g 

^B,E’ deg 

^C,F> deg 

M 

Unvectored 

2 

-10 

-10 

-10 

0,0.3, 0.5, 0.7 

3 

0 

0 

0 

0, 0.3, 0.5, 0.7 

4 

5 

5 

5 

0, 0.3, 0.5, 0.7 

Pitch down 

5 

10 

-10 

-10 

0, 0.3, 0.5, 0.7 

6 

15 

-10 

-10 

0, 0.3, 0.5, 0.7 

7 

20 

-10 

-10 

0, 0.3, 0.5, 0.7 

8 

25 

-10 

-10 

0, 0.3, 0.5 

Pitch up 

9 

-10 

10 

10 

0, 0.3, 0.5, 0.7 

10 

-10 

15 

15 

0, 0.3 

11 

-10 

20 

20 

0, 0.3, 0.5, 0.7 

12 

-10 

25,20 

20, 25 

0, 0.3, 0.5 

Yaw right 

13 

-10 

15, 10 

-10 

0, 0.3, 0.5, 0.7 

14 

-10 

15 

-10 

0, 0.3 

15 

-10 

20 

-10 

0,0.3 

16 

-10 

25 

-10 

0, 0.3, 0.5 

Pitch down and yaw right 

17 

15 

15 

-10 


18 

20 

20 

-10 

0, 0.3, 0.5 

19 

25 

25 

-10 

0, 0.3, 0.5 

20 

15 

15, 10 

-10 

0, 0.3, 0.5, 0.7 

21 

15 

25 

-10 

0, 0.3, 0.5 

22 

25 

15, 10 

-10 

0, 0.3, 0.5 

23 

25 

15 

-10 

0, 0.3, 0.5 




















Table 1 . Concluded 
(b) Military power 


Table 

8 a,d- de S 

8 B,E> de g 

8 c,r- de g 

M 

Unvectored 

24 

-10 

-10 

-10 

0, 0.3, 0.5 

25 

10 

10 

10 

0, 0.3, 0.5 

Pitch down 


15 

-10 

-10 

0, 0.3, 0.5 


20 

-10 

-10 

0, 0.3, 0.5 


25 

-10 

-10 

0, 0.3, 0.5 

Pitch up 


-10 

10 

10 

0, 0.3, 0.5 


-10 

15 

15 

0, 0.3 


-10 

20 

20 

0, 0.3, 0.5 


-10 

25,20 

20, 25 

0, 0.3, 0.5 

Pitch up and yaw right 


-10 

15 

-10 

0, 0.3, 0.5 


-10 

25 

-10 

0, 0.3, 0.5 


-10 

25 

15 

0, 0.3, 0.5 

Pitch down and yaw right 


15 

15 

-10 

0, 0.3, 0.5 


25 

25 

-10 

0, 0.3, 0.5 


15 

25 

-10 

0, 0.3, 0.5 


25 

15 

-10 

0, 0.3, 0.5 




























Table 2. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 2. Continued 
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Table 2. Concluded 
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Table 3. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 3. Concluded 
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0.700 14.91 4.25 0.0834 -0.1236 -0.0864 0.0026 -0.0009 0.0008 0.0392 0.0200 -0.0818 0.0003 -0.0003 0.0010 

0.699 19.87 4.26 0.1524 -0.0988 -0.1754 0.0035 -0.0013 0.0011 0.0956 0.0414 -0.1708 0.0012 -0.0007 0.0014 



Table 4. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 4. Continued 
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Table 6. Continued 
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Table 6. Concluded 
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Table 7. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 11. Concluded 
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Table 12. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 12. Continued 
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Table 12. Concluded 
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Table 13 . Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 13 . Continued 
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Table 13. Concluded 
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Table 14. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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0.298 49.98 4.26 0.8307 -0.2366 -0.4887 -0.0685 0.0349 0.0030 0.2454 0.3093 -0.5725 -0.0216 0.0071 0.0027 

0.300 54.98 4.27 0.8527 -0.1334 -0.5192 -0.0617 0.0329 0.0037 0.2313 0.3522 -0.6019 -0.0154 0.0055 0.0034 

0.300 59.96 4.26 0.8627 -0.0457 -0.5334 -0.0613 0.0329 0.0043 0.2001 0.3849 -0.6162 -0.0150 0.0055 0.0040 

0.300 64.98 4.26 0.8658 0.0468 -0.5542 -0.0631 0.0335 0.0042 0.1667 0.4186 -0.6372 -0.0167 0.0060 0.0039 



Table 15. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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0.297 64.94 4.27 0.8545 0.0312 -0.5148 -0.0937 0.0496 0.0040 0.1719 0.4223 -0.6400 -0.0144 0.0048 0.0034 

0.299 68.49 4.27 0.8359 0.0892 -0.5153 -0.0888 0.0474 0.0033 0.1415 0.4318 -0.6385 -0.0107 0.0033 0.0027 



Table 16 . Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 16. Continued 
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Table 16 . Concluded 
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Table 17. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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0.298 64.97 4.25 0.8863 0.1975 -0.8116 -0.0821 0.0425 0.0061 0.1955 0.4624 -0.7055 -0.0297 0.0107 0.0040 

0.298 68.05 4.25 0.8729 0.2439 -0.8095 -0.0801 0.0417 0.0056 0.1660 0.4722 -0.7030 -0.0275 0.0098 0.0034 



Table 18. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 18. Continued 
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Table 18. Concluded 
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Table 19 . Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 19. Concluded 
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Table 20. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 20. Concluded 
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Table 21. Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 21. Continued 
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Table 21. Concluded 
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Table 22 . Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 22. Continued 
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Table 22. Concluded 
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Table 23 . Static and Aeropropulsive Performance Characteristics at Afterburning Power 
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Table 24. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 24. Concluded 
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Table 25. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 25. Concluded 
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Table 26. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 27. Static and Aeropropulsive Performance Characteristics at Military Power 


clilsi88888iiilii§§888i§8lii8i8i§ 

^d^^dcdcdddddd^dodcdod^cjidoddd^ 

J8igg!§§illl8liiilillllil8lli88§§ 

dddd^><^cj><^c^c^dddddddd^>c^<^><^>cj>d^>c^c^ddddd 

O 88888ooo88888qp888q8888888q88888 

^^ddddddd^^^oddddd^dddd^cj)^ 


— ■r^r-'^cr^J — -^t^mv~)vCrfQ'i/~)'>C^-oc— 'OCQN^n—'in^ooooo— ^ 

« oooinot^(NO\fncs^^«N^6 , tt s ‘^ 00 00^0'COoO(nTtct!£} 
E Ooor-NOvcocQNOv’-H<Nr-ONO<Nm03;Ooor^r-sooo^^5t;-^<Nr : i^^;0 

pHqqoqpoo^^rJfNmmw-oop^fs^^ppd^Mm^^^ 

dddddcj)^cj)cj)cjjcji^^cjjddcj>cjj^cj)^dd^^^cj3d 


S ^'ONOiOooxm-Q'On^h-ON^^'o^o 
a»--'00xm0>O(SrfO^(NinrjripOfnp 


<T ( (N Os \D IT| in 

fsjv£)vC — {NOOCJ'hOOn 


q ^HrsNmm^-in'C^t v NrortT}-<rj^fSf f )iriX(Sr'0\rn^ | £)t^O , t'O^T i 

oooooopppo ^ H . ^^^PPPPP^r^PPPP 

dddddddddodddddddddddddddddddddd 


8888 


Tj-OmOO^OOOOWOOO 

NfNMO'nOh-O'Or) 


b5cSSdqdcd«^'^^bddqi)-“^d 0 99 r '. 
^cji^cjidddddddddd^^dddddcji^ddddodcj) 


ooxxocOO^'CrnN'OoO'ftoonr, hiTioorJC-MtCoc 

r-'*- i ©''©(NOt'-'<^r-"C v J^^o > >^~‘* NtsOfn^'o'CocoO^ 

r, Tt iTj IT| ^ IT, ir, ^C h h- O m 1^ Tf X !> 5 - - IT; - X D h 

O p © O — — ^ — ----oopp©—; — —^pooo r-JO 


8888 

dodo 


m'Ohf^'0<nt s 'r't-ONTtTtt s '0^^ 
O O O O Q ^ ^ ^ ^ ^ M n r, Q 


88888888888888888888888888888888 

cjj^cjidddddddddddd^ddddddd^dddddddQ 


8 © © o P 
???? 2 


q©© — o©v-)<N©rsrJ(N^;mr^mp©ro© 


o c 88888888888888888888888888S88SSS 

dd«^cjjcpcjj^j^^c^ddddddd©^cjj^^^^cp^c^cpc^^^d 


^^0>ri'OiriO\( f iirinrnO'CO\fnoor s 'OOi , fnhfnO''0’"0'^ooa'(Nr^o 
. ^rs^inmooooooooo^-^ , «rJNOQ^ooMOOO^'n(NinOf f 'f f 'iOM 

<j 8888oooooq88888888p888885qqq88p8 

^dddddoddd^^cji^ddddddddddddddcji 


’—•O'sr^OTti— •e*"»r'-vDvo*n©t-- , <3'0''C*“-'00<— 'ooovin*-**- | f'4©^©f'J0OfO 
s- o^i^'Ou r 'i^o»A';0 — ir)’— ^'OONON©'^tr^»r>oo©0'Or-r r jr~' T T— 1 
r £ o^"nt^oon^^vor^fS^^r^OYQoor^! s 'Ooonoon--rN(N^;tr 
<0 -000©0^' H NrS(Smm^Tj-t-00©^(Sr f i^O©^'Nr^^Ttin 


-oo*-oc^in-rH(soT+oNoofnin 
TtMnoOOO'Ohf f )h't - r- — i v-> 
^OOOM^OXmoOn-tNtSTtTfO 


— VDO'OONOMm'vO’- ¥•>©[■'"'— ir'O'ON^^MOQ^ON'O'O^'t^’NiD 

oo«<Nx^oo(»^^NNQO^(S^r<(<ioOfnnOf f '^0' (f '^ , T , T oc ^ 

^^'0©-H^oo^>niriMQ^mN^NfniDoo(Nr'0^a\'OT) i ^n^rn^ 
o^rw^oor^r. TjrHq^fsr', pqqqp^.----Tf^^n(N(NN-'C 

d^^^^d^^(^^d^^^cjjdddddddd^^^^^cjjc|)^d 


m o o 
on on av 00 
dodo 


tt in « »n n rn ov 

N m ON X in C ^C 


hhO^oominN^ooo^tocm^hrjfN^ 

Tf-H(N^oaoO(N^'-0'--(NrJocinO 


h^«CrwO'in^h^fO^Oh'r'f r iomotoo(OC^’t-^ 
sJ OOOOCOO’-NN^N^W'tOOOOO^-^iOO^fSW 


0 \ \C 00 
fn m in 
(N ^ h 


88? 


©©©O©©©©©©©© 


888 


©©©©©©©©©©©©© 


N r, Tt in 


ry> OmnMnQnMMnOcnNMOOQQOOOONOir'O^^^^^^O 
dOO^OOOOHqopp^poOOddOOiO^N^^^^-^O; 
2 ^Nd^in^riri'^inidrirnTtini'-i ^Hw^ddd^^' 


99 N-nmnrJC3CXin-Ohoofn^2'!r5 2o:2 a 'li:J2J2'T:^^ 

.g qpoqpqOoo^pOooippo\ppqoo'T)dpoOi>o\’0(S^ 
„ d d d d d >ri in Tt ^ in in rf >n o d >n d ml d — d ^ d >ri d ^ d o 

£5 llTTl — r-. — — — MfNN(N(N - - (N M f^i m T - M (S m 


oonrnfnrorn^gggrntn^^^^Nrj^QfSoa^rjfS^QOQ^Q 

aooooooocooooooocooooooooooooooo 

Nrnr^fnfnfnfnfnrornfn^rnfnrnfnrnfnfntncnfnNf^fnrnfnfnnfnfnin 

dddddddddddddddddddddddddddddddd 


76 



Table 27. Concluded 


C 5 §§§88888888888§ll8888l§i8888 

^cji^cjidddddddddd^cjidddddcjicjiddddd 

0 OOO00Tj-r- 1 h-t\|n-'^CO00ONr<)in^NCTthr,^(NM^ 

o' ii8iii88iiii8§§8§8§8§8§§!88§ 

oooo^^^^c^^c^oooooocp^^^cddoc^ooc^ 


o>\vo^h— 'ONT tr^ocooNOincNONNOOr--— i— x<NNO-*t<N<N — nooooo 
3 (N M r, <n d in ^ -h q rn n r^, rj rJ c r- d ^ ^ ^ 

o 8888888888888888888858888888 

^^dddddod^^cjjcjJ^dcdd^Cjid^d 


a m on O in in m c> in m <N m in <N m m — cr'm c>qc Q a> <n in o 

H h C !> ^ h >0 Ti vD C N OO OC' O ^ X \C' IT, G r J h 0 < n d IT) M C> C 


C\hhO^Nr, Tta. O^NroC^CC 

o o © — ■ — — 1 — 'nimrnrnrn— <oo— ■ 


o o o o 


_ ONhhNNnwNfN 
c\)njm©o©— 'fNm-'t 


8888888888 00 88888 00 88888 


t^x^no\x^^ot s '£)fOTtaTt(Srtt^>n'oint N _ 
rj't'C^\o^t ( »oo( v fN«^^ooo^'n'r)hrniDO\Tt'Oo6dod 


O O' tj- m <n 


{j OOOppqddd'-;H--PH^ *©©©©©— '^©OO©©— 1 ^ 

dddddddddcdddddddddddddddddd 


0 4 


X M X IT, X (N C h (N IT, r'', 

a't'n’-oofnoo'CooovhnooiD 
vC O 1/1 IT, IT, \0 \D h h OC' SC C?' 

©©©©©©00©-h*-~ — — 

o^^dddddddddd 


mr^^ON— 'Ncr'-cnr-NOON^NO 

m(Nr^nooor-r''^-(NONm 
mom— t" — m^or'-'cnoom 
O O © — < ^(NOOOO— < ^ (N 


88 


COCCCp^OOOOO 


hootr, ’tir, \Cht(Nr'tTtTtoot^-hhhri 

cr 8§§§88888ii8888§§8888§§§8888 


0c^)c^cj>000000000c00(^)0000 0 0:^0000 


I 


<N 00 O <N m in ■ 

“ “ N * 


:8888888888S888: 

©dc^<^^c^<^<^cp^dc^<^cpdddcj>c^cpcpd<^^>cj>ddcp 


C\ <o O' -- O' Tf O' ! — on 'O vi 

o 8: 


'88888888 


mor- — — (NsCTtmr-oCTt — or- 
“ rs rs o t> rj ^ — q — (N in © cs in 


88 


oooooooooooo 


88888808888888 


888 


O O O O 1 


88 


o E 


sor^(N^io^\oooinh(N^ - m h rs « on m so tj- — m © r- m o\ <n 
in0Ctffr)(s00h(S-NOO\OOt0C^inO(NMnM-'OhTtO 
~ ~ ~ ~ ~ ~ ' - - - ■ - - ^ - - 'vD 'O m 

(N mrt 


0000 


8888888888 °° 88888°888888 


C' o^r^mr-ommmomo — — — ''^r-jTtr^m'sOmim, o^rtmr^r^ 
^ m — < inm 'C « m'^-^r^TtTtoavooo^mmr^romoofsr^aor- 
1 m oc m m — ■ m o m © 0 0-1 mi — m <n m o in m m mi © — m 

Q OpH^ < O O © — ■ — -<©©©©©©©©©-< — -^ — — — OOO 

^ ^^cji^d^^^^ddd^^ddddddd^^^cji^d 


c 4 


oorN)oor-oosooo^tr-\ocicr-r-r^mr- 

(N (N MT; X rt X ^ am « ^ m vC tTi (N 

no in m tN in oc © m in \o o m m o r- m © 
pOOOOO — 1 —1— 1 — rS(N(NmOOO 

^^c^^ddddddddodc^^c^ 


S (NtT; O OO O O' h 

o m fN in m on 


— on — • ’ 

m in o <_ _ 

dddoc^dddddd 


q/ ^Nx-O'-riO'CJh — ro<s<NONONONONoor*-NOinr^insoinr-vo 
Jx pp-papp«po\ppNpao;o\ojo;o\aH*-HHHHH 
z H d tf IT) O H n TtVi d N m d iri d C O O O d d ^ d d Tt rf rf 


?? (Nm— '©QOOC^CNNDO nOOOO©© — <N©OOOnO— <©<N 

^ pppppppppppppppppppppppp 

- d d o d Tt in m ^ tj- tt m in d *o d in d Tf o d in d in o rj- o\ 

(N (N M M (N T — - fN m n 


88 


.... t- On 

O O On On 


— — <N (N (N 


w, oooooo8888888S8ooSo8o!oooSo!88 

«< m in m m in in in in in in in in in in in in in in in ^t m in in m ^ in in 

dddddddddddodddddddddddddddd 


77 



Table 28. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 28 . Continued 
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Table 29. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 29. Concluded 
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Table 30. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 31. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 32 . Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 33. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 34. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 34, Continued 
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Table 34 . Concluded 
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Table 35. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 35. Continued 
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Table 35. Concluded 
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Table 36. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 37. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 37. Continued 
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Table 37. Concluded 
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Table 38. Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 38. Continued 
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Table 38. Concluded 
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Table 39 . Static and Aeropropulsive Performance Characteristics at Military Power 
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Table 39. Continued 
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Table 39. Concluded 
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Table 40. Typical Engine Performance Characteristics for 
Full-Scale F-18 HARV at Afterburning Power 

[NPR * 4.25; Altitude = 20000 ft] 


M 

a, deg 

F *J 

V 

0.30 

5 

9443.96 

9443.96 

.30 

10 

9450.69 

9450.69 

.30 

20 

9425.58 

9425.58 

.30 

30 

9349.08 

9349.08 

.30 

40 

9221.19 

9221.19 

.30 

50 

9041.90 

9041.90 

.30 

60 

8811.22 

8811.22 

.30 

70 

8529.14 

8529.14 

.30 

5 

9443.96 

9443.96 

.40 

5 

9976.97 

9976.97 

.50 

5 

10704.81 

10704.81 

.60 

5 

1 1 432.64 

1 1 432.64 

.70 

5 

12479.99 

12479.99 
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Ill 


Figure 1. The F-18 High-Alpha Research Vehicle. 
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Figure 2. F-18 HARV during static testing of thrust- vectoring control system. 



Model reference dimensions 
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Figure 3. Details of F-18 prototype model. Dimensions are in inches unless otherwise noted. 
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Figure 4. Installation of F-18 prototype model in Langley 16-Foot Transonic Tunnel. 
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(b) High-angle-of-attack installation. 
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Figure 5. Details of thrust-vectoring hardware installed on F-l 8 prototype model. 
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(b) Sketch of thrust-vectoring hardware showing vane position relative to nozzle exit. Nozzles shown at afterburning power setting. 
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Military power 1 .674 35.39i 

Afterburning power 2.105 18.70 














2.000 



Figure 8. Geometry of thrust-vectoring vanes. Dimensions are in inches unless otherwise noted. 
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Figure 1 1. Details of spin-chute canister. Dimensions are in inches 
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Mach number 



a, deg a, deg a, deg 

Figure 17. Afterbody aerodynamic characteristics at afterburning power and NPR = 4.25 with vanes fully retracted. 






Power Setting 



Figure 18. Concluded. 
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Figure 19. Continued. 
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Figure 19. Concluded. 
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Figure 20. Afterbody aerodynamic characteristics at afterburning power and NPR = 4.25 with vanes B,E and C,F deployed. 





Figure 20. Continued. 







Figure 20. Concluded. 
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Figure 21. Afterbody aerodynamic characteristics at afterburning power and NPR = 4.25 with vanes B,E deployed. 






Figure 21. Concluded. 
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Figure 22. Concluded. 
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(a) Vanes A,D deployed. 

Figure 24. Variation in afterbody drag and thrust contributions with angle of attack at afterburning power with NPR = 4.25 and M = 0.30. 
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(b) Vanes B,E and C,F deployed. 








(c) Vanes B,E deployed. 
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(d) Vanes A,D and B,E deployed. 
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Figure 25. Afterbody aerodynamic characteristics at military power and NPR = 4. 15 with vanes A,D deployed. 
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Figure 25. Concluded. 
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Figure 26. Afterbody aerodynamic characteristics at military power and NPR = 4.15 with vanes B,E and C,F deployed. 
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(a) M = 0.30. 

Figure 27. Afterbody aerodynamic characteristics at military power and NPR = 4.1 5 with vanes B,E deployed. 
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Figure 28. Afterbody aerodynamic characteristics at military power and NPR = 4.15 with vanes A,D and B,E deployed. 
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Figure 29. Effect of external flow on pitching moment at afterburning power with NPR = 4.25. 





(b) Vanes B,E and C,F deployed. 











(d) Vanes A,D and B,E deployed. 





(a) Vanes B,E deployed. 

Figure 30. Effect of external flow on yawing moment at afterburning power with NPR = 4.25. 
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Figure 31. Computed aerodynamic and propulsive control capability for F-18 HARV. M - 0.30; Altitude = 20000 ft; Afterburning power; NPR = 4.25. 
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